INTRODUCTION
In recent years, a significant literature has grown up on the development of the technology of medical diagnosis. Stanley Joel Reiser and Audrey Davis have each written books on the subject,2 and there have been several shorter studies on individual instruments. The two Ereas on which attention has been concentrated are the evolution of specific pieces of technology, from a first model with certain practical drawbacks to a more successful one; and the varying reactions of the medical profession to technological change. My focus here is different. I wish to examine not the development of a diagnostic instrument, but the conditions that made possible its creation, and I propose to concentrate not on the physician or the physiologist, but on the instrument-maker.
The introduction of the electrocardiograph-the first commercial model was sold in 1908-marked a change in the nature of the instrumentation of medical diagnosis.'
It was a much more complicated piece of diagnostic apparatus than had been used before. In the previous century, several important instruments had been placed in the clinician's hands. Most, such as the stethoscope, the thermometer, and the pleximeter, worked on very simple principles, though skill was required to interpret the messages they gave. Others-the sphygmograph is perhaps the clearest example-were mechanically ingenious. The electrocardiograph, however, was qualitatively different. Certainly, it embodied great mechanical and electrical ingenuity. Its most delicate part was the string galvanometer, initially evolved by Willem Einthoven in 1900-03, and probably the most sensitive electrical measuring instrument which had been devised by that time; and it used a form of material-the quartz filament-thai had first been made less than twenty years before. In order to make visible the tiny movements of the filament, condensing and projecting microscope lenses were used: the lens design was highly mathematical, and modern
The relations of electricity to the properties of contractile and nervous sustance have led to the employment of the most delicate apparatus of the electrician, as a means of physiological investigation; while it is not too much to say, that the introduction of various forms of registering apparatus has done for physiology what the microscope has effected for anatomy. It has enabled an apparently instantaneous action to be resolved into its successive constituents, just as the microscope has analyzed an apparent point into its co-existing parts; while the elements of the most complex co-ordinating movements have been separately determined, and their relations to one another accurately defined, in a manner comparable to that in which the microscope renders visible the complex arrangement of the histological elements of a tissue, which to the unassisted eye appears homogeneous. The apparatus by which M. Marey has so successfully investigated the phenomena of animal locomotion, affords an excellent example of physiological appliances of this kind. 6 Huxley had moved here from an objective assessment of the state of contemporary physiology into propaganda. He clearly believed in the use of advanced instrumentation in physiological research, but in comparing the achievements of Virchow and the young Pasteur with the limited findings of, for example, Marey in high-speed photography, Ludwig with the kymograph, and various workers with the sphygmograph, he was overstating the importance of the results achieved with registering apparatus by 1876. The important concept of cellular pathology had been introduced as a result of researches with the microscope, and it had had an effect on the practice of diagnosis.7 Electrophysiology, also mentioned with enthusiasm by Huxley, had produced no more than a handful of interesting results. It arrived in clinical medicine only when the electrocardiograph moved from being a physiological instrument to being a diagnostic one, a consequence of the work of Einthoven himself, Thomas Lewis, and others, during the first dozen years of the twentieth century.
Huxley had, however, drawn attention to an important development in instrumentation. Recording instruments had been used by natural philosophers in J. Burnett the seventeenth century. 8 In meteorology, Wren in 1663 and Hooke in 1664-79 both constructed "weather clocks" which produced recordings of the simultaneous variations in a number of quantities.9 The first recording meteorological instrument which was sufficiently mechanically robust to work satisfactorily for a period of years was probably the very complex barograph which the Scots clockmaker Alexander Cumming made for King George III in 1765. 10 Photographic recording was applied to a barograph less than two months after Fox Talbot announced the calotype process in 1839.11 All these meteorological instruments were useful because they gave continuous recordings of slowly-varying quantities, so that the need for frequent activity by a human observer was avoided. In other fields, there was an independent requirement for the recording of varying quantities, to make possible the study of variations that took place too rapidly for direct human perception to grasp them. Thomas Young produced such an apparatus in 1807, but no one seems to have followed his lead."2 At the beginning of the nineteenth century, indicator diagrams began to be used to examine the efficiency of steam engines, and they soon became common. In physiology, the history of recording instruments really starts in 1847, with Ludwig's kymograph.13 THE 
OSCILLOGRAPH
The problem of designing an effective oscillograph in the early 1890s was important because of the growth of the electricity industry. If one single event in Britain can characterize this growth, it is perhaps the optning of Deptford Power Station in 1891, the first generating station to serve successfully a wide area," engineered by Sebastian de Ferranti. To electrical engineers, it was particularly important to have a voltage curve for each alternator because they often had odd and widely differing characteristics."5 CSI later stressed the importance of the oscillograph for attaining efficiency in power stations, and for avoiding resonance effects which could cause a breakdown in high tension cables.16 There was an alternative to the oscillograph, the "point to point" method in which sample readings were taken from points in the wave, advancing slowly through the waveform so that a cycle was completed in about an hour. This method was successfully applied in the electric power industry,17 but, as 
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The origins of the electrocardiograph well as being laborious, it depended on the assumption that the waveform would remain stable throughout the period during which it was being studied. Clearly, this assumption could not be made in electrophysiology. Of particular importance in the pre-history of the electrocardiograph was a paper published in 1892 by Andre Eugene Blondel . Blondel was a graduate of the Ecole des Ponts et Chaussees, who worked'in the Service Central des Phares et Balises, and from 1893 was professor of electrotechnology jointly at the Ecole des Ponts et Chaussees and the Ecole des Mines. His paper concerned the design of the first oscillograph, '8 a galvanometer "whose moving part would oscillate following the same law as the variations in the current passing through it," attached to a means of recording photographically the resulting curves.
Blondel described the properties which such a galvanometer had to have: they were largely the same as the properties required of a string galvanometer in an electrocardiograph. The five properties listed were: (1) The period of the galvonometer should be no more than one-twentieth of the frequency of the alternating current, that is, for A.C. at 100 cycles per second, the galvanometer's period should be less than a two-thousandth of a second. (2) The damping should be as complete as possible. (3) Self-induction should be minimized so that the variations of the trace obtained were as close as possible to those of the current being studied. (4) Hysteresis and eddy currents should be negligible. (5) The instrument should be sufficiently sensitive.
Blondel then considered three possible solutions to the problem. First, he examined a moving-coil galvanometer. This was a slightly unusual idea, because almost all galvanometers since the 1830s had been moving-magnet ones, with the important exception of the siphon recorder for telegraphy of William Thomson (later Lord Kelvin)."9 Second, he looked at the possibility of adapting the telephone. However, his choice fell on the third possibility: a moving-magnet galvanometer with a tiny magnet, only two or three millimetres across. It proved unsuccessful.
Seven years after Blondel's paper was published, the first satisfactory oscillograph appeared on the market. The Cambridge Scientific Instrument Company described it in their catalogue as "an entirely new departure in galvanometers, for not only has it the shortest periodic time of any galvanometer yet made, namely about 0.0001 second, but has at the same time extreme sensibility, is dead beat [i.e., is completely damped], has a low resistance and has practically no self induction."20 Thus, the Duddell oscillograph fulfilled and bettered the conditions set out by Blondel. It was based on an idea which Blondel had described.2' Instead of suspending a moving coil, as such, between the poles of a magnet, Duddell used two very thin phosphor bronze strips-the coil reduced to its bare essentials-on which was mounted a tiny mirror, which reflected a beam of light. vibrating between the poles of a large magnet. A beam of light was projected through a small hole in one pole of the magnet, so that it fell on the wire, and then through a corresponding hole in the other pole. There was no optical system, so a tiny piece of quill from a feather had to be stuck to the wire to make it clearly visible. The shadow of the wire fell on a sensitized length of telegraph tape, which passed immediately into baths of fixer. To Ader, the instrument was a success. He had intended it to speed up the rate of telegraphic transmission, and it raised the rate from 400 to 600 signals per minute on the long cable from Brest to Saint-Pierre, off Newfoundland, and from 600 to 1100 on the shorter one from Marseilles to Algiers.
However, Ader's galvanometer was very different from Einthoven's. In particular, it was less sensitive. After all, it was not a measuring instrument but a device for recording a signal in an intelligible form. Its particular advantage was that because the moving part was so small and light, it had a short periodic time and a small moment of inertia: these important characteristics were shared by the Einthoven galvanometer.25 It might have been possible to use mathematical methods to reduce the trace it produced to moment-by-moment measurements of voltage, as Einthoven and Burch had done with the capillary electrometer, but this was not necessary to fulfil its purpose. THE 
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The origins of the electrocardiograph maximum potential of 3 millivolts was applied across it. There were three parts to the optical system: the condenser, and objective and eyepiece lenses. The condenser was an achromatic, with two components, each of a different glass; the objective was an apochromat, with three components.26 The achromatic lens had originally been invented in 1729, to reduce chromatic aberration in telescopes;27 after repeated attempts, one was successfully made for a microscope objective only in 1826, when Joseph Jackson Lister applied mathematics to what had hitherto been regarded as a purely empirical problem.28
The optical system in the electrocardiograph normally gave a very large magnification (600 times), and, since it used a white light source, chromatic aberration was a severe problem, and the expensive solution had to be adopted of using an apochromatic objective lens, which reduced chromatic aberration even further than the achromat. The demand for this kind of lens was clearly perceived by Ernst Abbe, partner of Carl Zeiss, in Jena.29 He realized that types of glass with optical properties substantially different from the crown and flint glass then in use were needed, and persuaded Otto Schott, a Westphalian glass manufacturer, to undertake experiments. Schott began to produce useful new optical glasses in 1881. The apochromat was eventually unveiled to the public in 1886. To make a final correction of the chromatic aberration at the edge of field, a multicomponent "compensating eyepiece" was needed, and the Cambridge instrument had one. Abbe's lenses were originally designed for conventional microscopes, but could be applied to any magnifying system.
The idea of projecting a microscopic image had been common in the eighteenth century, when "solar" microscopes (i.e., ones using direct sunlight for illumination)
were used to give spectacularly large but indistinct images of natural history specimens.30 The electrocardiograph contained, in effect, a projecting microscope made by Zeiss. It had to be specially designed in Jena with lenses only 12 mm in diameter, so that the holes through the poles of the electromagnet could be as small as possible.31 It was not unusual for CSI to go to Zeiss for optical parts, since they made none themselves. At least as early as 1885, they were using optical parts from Jena in reading microscopes.32 Zeiss optics were also used in various electrometers invented by C.T.R. In the studies of electrical currents in the heart made before the invention of the string galvanometer, instruments initially invented for the telegraphic and power industries-the technology of the latter having to some extent evolved from that of the former39-played a large part, as well as instruments developed in pure physics laboratories. Einthoven, similarly, began his electrophysiological researches with the Lippmann electrometer. Before inventing the string galvanometer, he also used another instrument, the Deprez-d'Arsonval galvanometer. Like Einthoven, Arsene d'Arsonval (1851-1940) was medically trained and had a flair for designing scientific instruments. For his studies of animal heat, he devised a double-chambered calorimeter, and, as soon as he learnt of Alexander Graham Bell's invention of the telephone, he adopted it for electrical studies of muscle contraction.47 Marcel Deprez (1843-1918) was a pioneer of the electric power industry in France. In 1880, he had invented a low-sensitivity galvanometer which responded rapidly to fluctuations in current; d'Arsonval, in effect, crossed this instrument with the galvanometer in the Thomson siphon recorder, to create a sensitive moving-coil instrument, which could detect 0.1 microamp.4 It was used by several physiologists engaged in research on skeletal muscle,49 though its origins lay in the fields of electric power and electric telegraphy.
Despite the fact that many of the instruments used in early studies of the electrical behaviour of the heart were derived from industrial instruments, the activities performed with them remained laboratory experiments. The string galvanometer, too, was initially no more than a device for physiological experimentation; only when it was developed into an integral part of a small, robust unit, could electrocardiography become a diagnostic tool in the hands of individuals who were physicians first and physiologists second. THE DEVELOPMENT OF A PRACTICAL ELECTROCARDIOGRAPH Einthoven first described the string galvonometer in 1901.5°He had been interested in the electrophysiology of the heart since about 1890, and for some years he had, like Waller, used the Lippmann capillary electrometer. Einthoven made extensive attempts to deduce the real variations in current from the traces produced by the capillary electrometer. Rather than devising an instrument which might mechanize this process, as Lucas was to do later, Einthoven developed a new form of Einthoven, however, continued his researches, and with the publication in 1908 of a long paper55 it became clear that if the electrocardiograph could be reduced to a practicable size, it could be used widely in the diagnosis of heart disease. Before this point, however, CSI had become seriously interested in it. By 1901, in addition to the Duddell oscillograph, they were also manufacturing an adaptation of the d'Arsonval galvanometer to measure resistances, and were clearly very much concerned with the problems of making very sensitive electrical instruments.56 50a ' Darwin also pointed out that because none of Einthoven's work on the string galvanometer had been patented, he would feel free to build one if a customer asked him to do so. Since his letter had begun by stating that Waller already wanted one, Darwin clearly felt that he was in a strong position. Einthoven's reply suggests that he was more concerned with his reputation than with money. He quoted Darwin's remark that Duddell "would only help us on condition that the instrument was called after your [Einthoven's] name," and added, "That for me is the cardinal point.""6 It is known that it was as early as 1905 that Duddell designed, on the geometrical principles so much favoured by Horace Darwin, a casing for the galvanometer string. This was airtight, to prevent completely interference from draughts, and was said to be one of the reasons for the superiority of CSI's electrocardiographs over those of other manufacturers.62
There were, however, delays in placing the string galvanometer on the market. CSI were busy with other instruments. Also, there were difficulties in silvering the quartz fibre.63 The method initially used was to dip the fibres into a silver solution, and then to polish them with 0.1 mm diameter copper wire. ' Burch and DePasquale71 show that the string galvanometer had already been reduced to a small size by Duddell, and that the camera was present in the form later sold regularly. The rotary time marker must have been added at some time in the next three years. The form used was the one originated by Bull of the Marey Institute at Boulogne-sur-Seine, which ran synchronously with a tuning fork.72 Sales began to increase, until 140 had been sold by the end of 1914 (see Appendix I). Along with his royalty payments, Einthoven was sent lists of the purchasers of string galvanometers.
The purchasers of the fifty-seven instruments sold by the end of 1912 are given in Appendix II. Although most of the instruments were bought for physiological research, several were bought for wireless telegraphy. These included four galvanometers which went to the Marconi Telegraph Company, and other instruments supplied to the Ministry of Posts and Telegraphs in Rome, the Marine Telegraphy Commission in St Petersburg, and the Institut Oceanographique in Paris. Those purchased by the Imperial Japanese Navy and the Bureau of Weights and Measures at St Petersburg may also have been used for the same purpose. In addition, a number of string galvanometers were bought by other instrument-makers, such as Elliott Brothers of London, the Taylor Instrument Company of New York, and G. Boulitte of Paris. These were presumably re-sold, but we do not know to whom.
The initial royalty paid to Einthoven was ten per cent on net sales.73 As CSI continued to develop the string galvanometer-in particular, once Duddell had made his alterations to the design-it was reasonable that Einthoven's royalties should fall. 22 per cent, but it appears that none of these was sold before the agreement expired at the end of 1914.74 They had almost certainly been developed in response to Edelmann's having produced one.74a Only three months after the agreement had been signed, CSI discovered that Kunsch und Jaeger of Rixdorf were selling string galvanometers "all the details of which are worked out admirably", so the royalty was reduced to five per cent.75
CAMBRIDGE
The importance of physical science in the University of Cambridge increased greatly during the last third of the nineteenth century. In the eighteenth and early nineteenth centuries, the Mathematics Tripos had been an effective teaching institution, and produced a large number of eminent mathematicians and astronomers. Every Astronomer Royal from 1765 until well into the twentieth century had studied in the Mathematical Tripos.76 In 1850, all of the nine Cambridge science professors had read the same Tripos.77 The Natural Sciences Tripos was instituted in 1884, and slowly grew in strength over the following eighty years.78 Sviedrys has described the mechanism of the growth in the importance of physical science in the three cases of the chemistry, Cavendish, and engineering laboratories.79 Practical classes began to be taught in chemistry in Cambridge in 1865, some thirty years behind the most advanced universities in Britain. The Cavendish Laboratory, founded in 1870, began to teach physics in 1874, and the chair of engineering (or more accurately the professorship of Mechanism and Applied Mechanics) was established in 1875, though the professor had to pay for its workshops himself. It is significant that the mechanism that obstructed the establishment of scientific chairs and the creation of laboratories was the collegiate system, which offered innovators no body that they could seek to dominate. Even when the University set up scientific institutions, it was by no means liberal in its supply of money, and the laboratories had to rely on their own sources of funds. The Cavendish had to save student fees to pay for the new wing which was added to its building in 1894, and the engineering workshops had to make fittings for other university laboratories in an attempt to raise their income.80 The colleges, in general, were suffering from a slump in income from the land during the agricultural depression between 1870 and 1910, and reformers had to look to sources of money outside the University-private patronage, subscription, and, ultimately, the government-to fund their projects.8" One result was that when instruments were required for the University's physiological laboratories, a private partnership had to be created to fulfil the need.
As Geison has pointed out, the one college that gave continued support to teaching and research in science was Trinity, the largest and wealthiest.82 In the first half of the nineteenth century, it had been the most important node of the "Cambridge network" of mathematicians and scientists (a word which, of course, one of their number had invented), 83 Trinity also awarded a fellowship to C.S. Roy, a pupil of Virchow, Koch, and DuBois-Reymond, though his work on the physiology of the mammalian heart owed little to the Cambridge tradition.87
The origins of the electrocardiograph CAMBRIDGE SCIENTIFIC INSTRUMENT COMPANY Given that Trinity College was for some years the main centre of scientific activity in Cambridge, it is hardly surprising that the CSI was a product of it. With the encouragement of Foster, the company was founded by two members of the college, Albert George Dew-Smith and Horace Darwin.88 Its founding was the product motivation similar to that which caused Maxwell to bring to Cambridge a scientific instrument-maker to work permanently in the Cavendish Laboratory, Maxwell wrote:
It has been felt that the experimental investigations were carried on at a disadvantage in Cambridge, because the apparatus had to be constructed in London. The experimenter had only occasional opportunities of seeing the instrument maker, and was perhaps not fully acquainted with the resources of the workshop, so that his instructions were imperfectly understood by the workman. On the other hand the workman had no opportunity of seeing the apparatus at work, so any improvements in construction which his practical skill might suggest were either lost or misdirected.89
The motives behind the establishment of a workshop to make physiological instruments were the same, but since the funds for making physiological apparatus were even scarcer than for making physical instruments, the result was the creation of a private partnership. In reality, it can only be regarded as a well-directed act of patronage on the part of Dew-Smith.
The case of physiology may be compared with experimental physics and geology. The Cavendish Laboratory had such a large need for apparatus that it was able to employ its own full-time instrument-makers. The thriving geology department required comparatively little apparatus-its expenditure on petrological microscopes must have constituted most of its spending on equipment-all of which could have been easily bought ready-made from established suppliers. The Physiology Department needed newly developed instruments, but not sufficiently regularly to justify the employment of its own workman. So the solution was the private partnership, which was able to enter other markets at the same time as suppling the needs of the Physiology Department.
Dew-Smith (1848-1903) was a pupil of Foster. He was wealthy, and although not a fellow of Trinity, he was allowed to have rooms in college. Between 1874 and 1876, he carried out, with Foster, research into the mechanism of the heartbeat." He gave a number of instruments to the Cambridge physiological laboratories, financed the production of the Journal of Physiology when it began under Foster's editorship,9 and paid part of Langley's salary as demonstrator to Foster.92 At some time between 1875 and 1878, Dew-Smith brought to Cambridge Robert Fulcher, a scientific instrument-maker, and took him into partnership. Dew-Smith supplied all the capital. At first, Fulcher used the workshop in the newly-established school of mechanics, but in 1878 he moved into premises of his own. As in the case of Professor Stewart's workshop, it is not known exactly what range of instruments he made, but he certainly constructed a "sphygmotonometer" (later called a tonosphygmograph)93 and a mercury manometer,' both for C.S. Roy. At the end of 1880, the partnership between Fulcher and Dew-Smith was terminated.
Horace Darwin (1851-1928) was the seventh and youngest child of Charles Darwin.95 After studying under a tutor, he was sent to Clapham Grammar School, which had been founded by the Reverend Charles Pritchard. Pritchard was an unusual Victorian schoolmaster in that he taught practical natural philosophy to his pupils. "I proposed to introduce a systematic course of instruction relating to physical phenomena in the midst of which we live and have our being", he wrote, "I laid it down as a maxim, that the main intention of early education should be the development of the habit of thinking. The origins of the electrocardiograph they made onkometers and onkographs,99 and the company's advertisments imply that physiology was its chief concern.'°By 1891, its catalogue contained some 200 instruments, only a quarter of which were physiological. The success of the company was partly due to Darwin's understanding of the principles of the geometrical or kinematic design of instruments.
I"' These principles had been set out very clearly by Clerk- Although the CSI traded as a commercial concern, its attitudes for its first twenty years were those of the university rather than those of the commercial world. It was not intended to make a financial profit-Darwin's main concern seems to have been that it should not make too great a loss. The company was keen to use its ingenuity to create novel instruments, but not to seek markets which its skills might have made them able to penetrate.
The concern for "traditional" values which was so deeply held by sections of the English middle classes, and which caused them to regard manufacturing industry with hostility, has recently been described by Wiener.122 He stresses the fact that well into the twentieth century, both Oxford and Cambridge universities conceived their task as the production of gentlemen with a liberal education. "Business men were objects of scorn and moral reproval, and industry was noted directly as a destroyer of country beauty ... undergraduates were regularly discouraged from pursuing their commercial careers, and alarms were sounded against the infection of these rarified precincts by vulgar influences from without."'23 The CSI during the first twenty years of its existence, was engaged in invention rather than in production: this was acceptable to the university community. The Darwin family thought Horace brilliant with machines, but lacking in commercial judgement:"2 yet this failing enabled him to remain in ideological contact with the academic world in which he sold his instruments.
The sales literature produced by the company did not mention the usefulness of its instruments or the number of them which had been sold, but stressed rather their intellectual content. The preface to the 1899 catalogue of physiological instruments stated: "We are prepared to make any of the instruments described in recent scientific papers or in advanced Text Books, in many cases instruments required for original investigation have been supplied by us; either these were made from the designs of the experimenter, or the company designed the instrument to suit the case.
We think we are in an exceptionally good position to carry out this class of work."'26
Seventeen years earlier, the foreword to the catalogue had said, 'The Company is ... anxious .., to strike out or adopt and improve new forms of instruments [rather] than to direct its energies to the reproduction in a dealer's spirit of familiar and more or less stereotyped models. The preface to a general catalogue of instruments stated that: "Great care is taken to ensure first-rate workmanship; our staff of instrument makers is highly skilled, and the machine tools are suited to the production of work requiring great accuracy. Many of the instruments are new; in their design care was taken to ensure accuracy of movement, convenience in use, and general simplicity.""' That the company's attitudes were acceptable to the university community was shown when the whole of the foreword quoted above was set as a translation with Greek in a tripos examination. A Greek version was later published by a distinguished classical scholar and fellow of Trinity.'29 With the exception of some of the electrical temperature measuring equipment, the instruments that CSI made before 1900 were of no use to industry. Cambridge was traditionally suspicious of applied science: witness Sir George Airy's long struggle to introduce applied mathematics into the Mathematics Tripos."30 One famous mathematics teacher even refused to let Clerk-Maxwell show him simple demonstrations of optics, which he had never seen, on the ground that the phenomena could be satisfactorily understood without ever having witnessed them.'3'
In 1925, the CIC published a twelve-page pamphlet, which suggests that although they by then supplied many instruments to industry, they still thought of themselves as a part of the university world.'32 It purported to contain translations of three ancient Egyptian papyri: in fact, one described the use of the Fery pyrometer, another the visit of CIC staff to the British Empire Exhibition at Wembley in 1924-25, and the third the use of the electrocardiograph. A stylized drawing of an Egyptian electrocardiograph was printed, along with an explanation: university graduate that he was able to accept freely the idea of commercial profit-making, and to guide CSI away from craftsmanship towards new markets and large-scale production.
CONCLUDING REMARKS
The electrocardiograph was probably the most sophisticated scientific instrument in existence when it was first invented, combining as it did technical ingenuity in a number of fields. Only a few earlier instruments approached its complexity, notably the Kew photographic barograph of 1867, which was mostly the work of Robert Beckley, R.S. Whipple's grandfather."40
In examining the history of scientific instruments, it is difficult to point to examples of close co-operation between the instrument-maker and the natural philosopher before the last thirty years of the nineteenth century. Even instances such as the collaboration between J.J. Lister and Andrew Ross in the production of the first completely successful achromatic microscope tend to show a one-way flow of ideas, from the natural philosopher to the instrument-maker. What emerges from the study of the electrocardiograph is a clear picture of the way in which, in the era of increasingly complex electrical measurement, the instrument-maker was able to incorporate in the finished, saleable instrument the solutions to a variety of technical problems, drawn from a range of other technologies and applications. He was able to have a general view of science and engineering-albeit from a rather unusual standpoint-which was denied to the research scientist in the seclusion of his speciality.
S.L. Barron of the CSI was the go-between between Sir Thomas Lewis and the company. He had a particularly close view of the interaction between physiologists, clinicians, and manufacturers during the development of electrocardiography. Barron fully understood the importance of these interactions, and concluded his essay on the history of electrocardiography thus:
Possibly no other twentieth-century medico-scientific invention has had more far-reaching results than the electrocardiograph, or has become so universally used in every hospital and by all practising cardiologists throughout the world. It has been the product of close co-operation between the medical scientists and manufacturers; hardly has a need been expressed than it has found its response in a piece of practical equipment. Laboratory extemporisation has been examined by the manufacturers, and put into a practical and marketable form.'4
The origins of the electrocardiograph APPENDIX I: SALES OF STRING GALVANOMETERS, 1905-15 Listed below are the number of string galvanometers sold by the Cambridge Scientific Instrument Company, and the royalties paid on them to Willem Einthoven. These figures are derived from the sales records which were sent to Einthoven at the end of every half year, except that the royalty for the whole of 1909 was paid at once, and that for the instruments which had been ordered, but not delivered by the end of 1914, which was paid after the end of 1915. The royalties were depleted by income tax, which CSI were obliged to deduct on a sliding scale starting at one shilling in the pound, under section 25(1) of the Finance Act of 1907. Professor MacDonald, Physiological Laboratory, Sheffield (sold between July and October).
